confinement and magnetic lengths, respectively. Using a tilted magnetic field B is critical for the mechanisms of Refs. 4 and 5.
In this letter, we show that using an in-plane electric field Ẽ (t) results in a significant increase in the coupling of this field to electron spins. Moreover, the coupling exists in the strict 2D limit ͑and usually increases with decreasing w͒ and for arbitrary orientations of B, including a perpendicularto-plane B. However, using a tilted field B allows one to distinguish the contributions coming from the competing mechanisms of SO coupling. Of course, producing an inplane field Ẽ (t) needs one to design a proper coupling to the radio frequency or microwave source; this problem can be solved.
We consider a 2D electron gas in a A 3 B 5 crystal con-fined in a ͑0,0,1͒ QW subject to a tilted magnetic field B. 
It is convenient to change from the set of operators (x,y,Ϫi‫ץ‬ x ,Ϫi‫ץ‬ y ) to the kinetic momenta (k x ,k y ) and the coordinates of the center of the orbit, (x 0 ,ŷ 0 ). 8 The latter ones commute with (k x ,k y ) and with H 0 and obey the commutation relations ͓x 0 ,ŷ 0 ͔ Ϫ ϭi 2 . As usual, instead of (k x ,k y ) the Bose operators â ϭ(k x Ϫik y )/& and â ϩ ϭ(k x ϩik y )/& can be used. After these transformations, we come to the convenient expressions for the coordinates that appear in the operator Ĥ int (t)
Without the SO interaction, the energy spectrum of 2D electrons is described by two sets of Landau levels E (n) ϭប c ()(nϩ1/2)ϩប s /2 for two spin projections on the B direction, ϭϮ1. Here c ()ϭeB z /បcϭ Ќ cos and s ϭg B B/ប are the cyclotron and spin flip frequencies, respectively, and nу0. The energy spectrum of a 2D system with a single term in Ĥ so , either Ĥ D or Ĥ R , can be found analytically but only for Ĥ so a perpendicular field B. The problem with both terms in Ĥ so cannot be solved analytically. We consider in what follows the limit of a strong magnetic field ͑that is of principal physical interest and allows solving the problem for an arbitrary direction of B͒ and assume that the frequencies c and s are large compared with the SO coupling, Ĥ so Ӷប c , ប s . Then the SO term can be eliminated, in the first order in Ĥ so , by a canonical transfor-a͒ Electronic mail: erashba@mailaps.org APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 25 22 DECEMBER 2003 mation exp(T ). 3 The operator T is nondiagonal in the orbital quantum number n and its matrix elements are ͗nЈ,Ј͉T ͉n,͘ϭ͗nЈ,Ј͉Ĥ so ͉n,͘/͓E Ј ͑ nЈ͒ϪE ͑ n ͔͒.
͑3͒
After the transformation, the time-independent part of Ĥ conserves the spin projection on the magnetic field. The operator rϭ(x,y) is diagonal in the spin indices, and Ĥ int (t) drives spin-flip transitions due to the level mixing produced by Ĥ so . After the T transformation, r acquires an anomalous part r so ϭ͓T ,r͔ Ϫ that drives spin transitions. The matrix elements of r so diagonal in n are ͗n↑͉r so ͉n↓͘ϭϪ͕ c ͗n↑͉͓Ĥ so ,r͔ ϩ ͉n↓͘
the subscripts ϩ and Ϫ designate anticommutators and commutators, respectively. Because Ĥ so includes only the operators (â ,â ϩ ), the operators (x 0 ,ŷ 0 ) appearing in Eq. ͑2͒ make no contribution to the diagonal in n matrix elements of Eq. ͑4͒. These matrix elements can be calculated explicitly for Ĥ D and Ĥ R . In the quantum limit, when only the lowest Landau level nϭ0
is populated, for a magnetic field B ϭB(sin cos ,sin sin ,cos ) and an in-plane electric field Ẽ (t) polarized at an angle to the x axis,
We assume that cos Ͼ0. When cos Ͻ0, one should also change the sign of c , hence, matrix elements are even with respect to the reflections in the ͑x,y͒ plane. For n 0, the anticommutator in Eq. ͑4͒ acquires a factor (2nϩ1) while the commutator does not depend on n. Therefore, Eqs. ͑5͒ and ͑6͒ can be generalized by substituting c →(2n ϩ1) c , s → s in the numerators. Let us first discuss the angular dependence of these matrix elements. The Hamiltonian of the Rashba interaction Ĥ R is an invariant of the group C ϱv of the continuous rotations about the z axis. Therefore, ᐉ R ʈ is isotropic with respect to the joint rotations of Ẽ and B and depends only on the difference (Ϫ). However, this dependence is rather strong and the sign of the azimuthal anisotropy depends on , Fig. 1͑a͒ . For the Dresselhaus interaction, ᐉ D ʈ is anisotropic, Figs. 1͑b͒ and 1͑c͒. When →ϩ/2 and →ϩ/2, ᐉ D ʈ changes sign.
As a result, the intensity of EDSR that is proportional to ᐉ D ʈ 2
shows a four-fold symmetry with respect to the joint rotations of B and Ẽ about the z axis, Fig. 1͑c͒ . Generally, the intensity is proportional to (ᐉ D ʈ ϩᐉ R ʈ ) 2 , hence, both contributions interfere and the intensity shows only the two-fold symmetry in accordance with the symmetry group C 2v of the Hamiltonian Ĥ so . When Ĥ D and Ĥ R are of a comparable magnitude, as was found for GaAs QWs, [9] [10] [11] [12] the effect of the interference is very strong, see Fig. 1͑d͒ . Therefore, the azimuthal dependence of the intensity of EDSR is a powerful tool for measuring the ratio of the coupling constants,
It is seen from Eqs. ͑5͒ and ͑6͒ that the EDSR driven by an in-plane field Ẽ should be seen for any direction of B including perpendicular to the QW plane. However, using a tilted field B provides special advantages. First, it allows distinguishing the contributions of the different SO coupling mechanisms. Second, because of the poles in the denominators at c ()Ϸ s , it can allow strong increase in the EDSR intensity. A similar resonance in the EDSR intensity when the frequency of an electric dipole transition approaches s is known in the spectroscopy of local centers. 3, 13 Near the pole, where the denominator of Eq. ͑4͒ vanishes, perturbation theory in the interaction Ĥ so fails and the sharpness of the resonance is cut by the avoided level crossing and by the level width.
Let us estimate now the magnitudes of the matrix elements of Eqs. ͑5͒ and ͑6͒ for in-plane EDSR, ẼЌẑ, and compare them to the matrix elements for the different mechanisms of spin-flip transitions. By the order of magnitude,
With typical values of ␣ D Ϸ␣ R Ϸ10 Ϫ9 eV cm, mϷ0.05m 0 , and BϷ1 T, we get ᐉ D ʈ Ϸᐉ R ʈ Ϸ10 Ϫ5 cm. A similar length for the electron paramagnetic resonance ͑EPR͒ is ᐉ EPR Ϸ͉g͉ i C /4Ϸ10 Ϫ10 cm for ͉g͉Ϸ10;
i C ϭប/m 0 c being the Compton length. Hence, ᐉ D ʈ , ᐉ R ʈ ӷᐉ EPR , and EDSR strongly dominates over EPR. In the perpendicular geometry, Ẽ ʈ ẑ, the characteristic length for the Rashba interaction is ᐉ R Ќ Ϸ␣ R s /ប 0 2 , where 0 Ϸប/mw 2 is the confinement frequency. The factor s appears as a result of the electron confinement in the electricfield direction; its presence is required by the Kramers theorem. 3 The ratio of the characteristic lengths ᐉ R Ќ /ᐉ R ʈ Ϸ c s / 0 2 Ϸ(mg/2m 0 )(w/). 4 Therefore, under strong confinement conditions, wӶ, EDSR in the in-plane geometry is much stronger than in the perpendicular geometry because in the latter geometry it develops due to the deviation from the 2D regime. 5 For the Dresselhaus interaction, it is instructive to compare the EDSR intensity in the in-plane geometry to its intensity in three dimensions. 14 Usually the three-dimensional ͑3D͒ Dresselhaus length is about ᐉ D 3D Ϸ␦/ប c 2 . Here ␦ is the constant of the bulk inversion asymmetry of A 3 B 5 compounds and is related to ␣ D as ␣ D Ϸ␦/w 2 . 15 The ratio of the characteristic lengths is about
There is a special 3D geometry, Ẽ ʈ B, when ᐉ D 3D is especially large, ᐉ D 3D Ϸ␦/ប s 2 ; indeed, s / c is usually numerically small. However, in a similar 2D geometry, Ẽ ʈ BЌẑ, the length ᐉ D ʈ is also large, ᐉ D ʈ Ϸ␣ D /ប s , as follows from Eq. ͑5͒ for cos ϭ0 and c ϭ0. Hence, again ᐉ D ʈ /ᐉ D 3D Ϸ(/w) 2 . Therefore, under the conditions of a strong confinement, wӶ, in-plane EDSR in a QW is stronger than in three dimensions. Absence of the potential confinement in the direction of Ẽ and a strong confinement in the z direction are highly advantageous for strong EDSR.
The most important quantity characterizing the spin operation efficiency by a resonant electric field Ẽ (t) is the Rabi
Ϫ5 cm as estimated above, we find that ⍀ R Ϸ10 10 s Ϫ1 in an electric field as small as only about Ẽ Ϸ0.6 V/cm. This estimate shows that the electron spin manipulation by an in-plane electric field should be highly efficient.
Electron heating by the electric field and spin relaxation can hamper electrical operation of electron spins. However, electron heating is suppressed by a strong magnetic field because, according to the Drude formula, it decreases with B as ( c p ) Ϫ2 , p being the momentum relaxation time. The spin relaxation is universal, i.e., it does not depend on the specific mechanism of spin operation. The above theory has been developed for the 2D limit but the qualitative conclusions related to the high efficiency of in-plane operation are valid also when 0 Ϸ c .
In conclusion, we have demonstrated an extraordinarily high efficiency for the electron spin operation in QWs by an in-plane ac electric field. Spin coupling to an in-plane ac electric field is many orders of magnitude stronger than to an ac magnetic field, and is also much stronger that the coupling to a perpendicular-to-well ac electric field.
